Cracking is one of the most common and important types of pavement distress. This includes structural cracking, originating at the bottom of the bound layers and growing toward the surface, and surface-originated cracking. Descriptions of cracking and its development, both for research and for pavement management and maintenance, are limited to some global nonnumerical characterization, which is not sufficient for detailed computerized analyses. The crack pattern of the linear tracking device (LINTRACK) test Lane I was originally recorded nonnumerically on photographs and transparent plastic sheets. These data were digitized to enable scientific analysis and interpretation. Crack length, crack direction, growth speed, and percentage of cracked area were calculated from the digital data.
At Delft University of Technology (DUT), the linear tracking device (LINTRACK) at the accelerated pavement testing facility was used to apply 4 million 75-kN super-single wheel loads to a test lane of 0.15 m gravel asphalt concrete (AC) on 5 m of sand subgrade (1) . Temperature and development of asphalt strain and soil pressure were registered frequently. Regular falling weight deflectometer (FWD) measurements and registration of rutting and cracking were performed, as described by Groenendijk et al. in papers in this Record.
The first goal of the LINTRACK research is the verification and improvement of the pavement design system currently in use by the Road and Hydraulic Engineering Division (RHED) of the Dutch Ministry of Transport, Public Works, and Water Management. The RHED pavement design manual (1) for full-depth bituminous pavements or bituminous pavements on granular or lightly bound bases aims to prevent structural fatigue cracking. The philosophy is to prevent distress at the bottom of the structure where it is irreparable. Surface distress can be treated more easily, but should be avoided by determining the optimal material specifications. LINTRACK research seeks to verify the quality of the predictions made by means of this design method.
The second goal of LINTRACK research is the identification of distress mechanisms and validation of performance model. Judging by the fact that only 15 percent of the Dutch state highways' yearly maintenance requirement results from structural cracking (2) , the RHED design procedure is rather effective in preventing this defect. There are, however, other distresses on the Dutch highways, such as rutting (10 percent of maintenance area) and raveling and surface cracking (65 percent of maintenance area) (2) . The LINTRACK research aims to investigate these distresses and their mechanisms, and to validate the performance or condition-prediction models currently in use in The Netherlands.
Because of these goals, pavement cracking is a focal point in LINTRACK research. This includes structural cracking, originating at the bottom of the bound layers and growing toward the surface, and surface-originated cracking. Descriptions of cracking and its development, both for research and for pavement management and maintenance, are limited to some global nonnumerical characterization, which is not sufficient for detailed computerized analyses. Therefore, it was necessary to digitize the crack pattern of LINTRACK Lane I to obtain numerical results.
TEST DESCRIPTION
The LINTRACK accelerated pavement testing device, located at the outdoor test field of the Road and Railroad Research Laboratory of Delft University of Technology, simulates the loading of a pavement by heavy traffic. A detailed description can be found elsewhere (3) (4) (5) . LINTRACK consists of a truck wheel that can move almost automatically. It was developed through the combined efforts of the mechanical and electrical engineering and computer science disciplines of Delft University of Technology ( Figure 1) .
The wheel can move back and forth with a maximum speed of 20 km/hr, loading the pavement in both directions or only in one. The entire installation can move laterally, which enables lateral wander of the wheel during trafficking. The wheel load is adjustable between 15 and 100 kN. The entire installation and the tested pavement are sheltered from direct sunshine, rain, and wind by a mobile shed, but there is no temperature control.
Test 
CRACK-PATTERN REGISTRATION
The crack-pattern registration at LINTRACK test Lane I was developed in two parts: In the first part (during the first 2 million load cycles), photographs were taken regularly of the test lane. For the second part, all visible cracks were copied regularly onto a transparent plastic sheet spread out over the pavement. The sheet measured 10.8 m by 2.4 m and was also divided into compartments of 0.60 m by 0.40 m, extending the photographic grid to a total of 108 compartments (between y = 2.00 m and y = 12.80 m) as shown in Figure 2 . At every registration, a different color was used and the load cycle number and date were marked, enabling the crack growth to be distinguished at different load intervals.
CRACK-PATTERN DIGITIZATION
Manipulation of images using computers is increasingly popular because it enables new and more accurate research results. A distinction should be made between image processing and image analysis. The goal of image processing is the restoration or improvement of the original digitized image. Image analysis is the collection of numerical data from this image, such as size, angularity, position, and circumference. A computer image is a two-dimensional grid consisting of picture elements called pixels. These pixels have an intensity or grey scale value that ranges from black (value 0) to grey to white (often value 255). A color image consists of red, green, and blue components, each of which has intensities ranging from 0 to (mostly) 255. For example, the color red is represented by a value of 255 for the red component and has 0 values for the green and blue components. Yellow consists of values of 255 for the red and green components and a 0 value for blue. One of the first practical applications of computerbased image processing was the improvement of photographs of the moon in 1964. It is now being used in a wide range of applications and disciplines, such as aerial and space photography (remote sensing), medical-biological technologies (nondestructive scanning of the human body and identification of chromosomes), automated quality control, astronomy, and asphalt research.
Image-Processing Systems
An image-processing system consists of a video camera, a computer with a frame-grabber board (which digitizes the video signal), and a software package for image processing. A large disk storage capacity TRANSPORTATION RESEARCH RECORD 1570 is necessary because images tend to have large files. (Depending on size, resolution, and data compression, 1 MByte per image is not uncommon.) Typically, the camera is a charge-coupled device (CCD) grid camera. This uses an array of photo diodes, each producing an intensity value corresponding to one pixel. The diodes are arranged in an array of rows and columns of, for example, 256 by 256 or 768 by 512 pixels. Figure 3 shows a compartment of the grid used in the study. A pixel image of each compartment was created using a scanner or CCD camera (depending on quality) and stored on computer disk. Automated crack detection to determine which pixels constituted a crack did not succeed with the scan of the actual pavement or its photograph. It only succeeded when the hand-recorded plastic sheet of the crack pattern was digitized. Each crack was then represented by a group of (x,y)-coordinates, in millimeters, giving the location of the crack pixels, in a resolution of square milli-meters. Even then, manual processing was necessary. First, the crack coordinates within the compartment were linked to the overall coordinate system. Then, all crack segments from the same load interval (recorded in the same color) were distinguished and stored together. Finally, the cracks that extended beyond the compartment borders were reunited. The length, direction, and growth rate of the cracks, and the percentage cracked area, could now be calculated from the pixel coordinates.
Digitizing Crack Pattern

ANALYSIS OF CRACK PATTERN
Crack Pattern Development
The development of the crack pattern during the entire test period on Lane I is shown in Figures 4 to 8 , based on the LINTRACK (x,y)-coordinates. Figures 4 to 7 show the crack increments in the period considered and Figure 8 presents the total amount of cracking. The blank area at the left of the figures (0 < y < 2 m) covers one turning point of the wheel, but was not surveyed, whereas the cracks at the far right of the figures (12 < y < 12.8 m) are at the other turning point of the wheel.
The figures indicate that a significant amount of cracking did not develop until after 2 Mcycles of a 75-kN wheel load. Cores showed that nearly all these cracks were only present in the topmost 0.05 m of the pavement. Although a rather dense pattern of fine-meshed alligator cracking had developed in the end, it consisted of hairline cracks only. These could only be detected under favorable conditions such as a drying pavement surface or close visual inspection. For regular visual-condition survey techniques, the test lane looked very good at the end of the test.
Crack Direction
To establish the direction of the crack, a straight line was fitted through its (x,y)-coordinates using the least-squares method. The angle between this line and the x-axis was defined as the direction of the crack. The difference between the fitted line and the (x,y)-coordinates is an error indication of the direction. Straight cracks will have a small error; curving cracks will have a large error. When the error indication is larger than a chosen value, the crack is divided into segments. This fitting procedure is continued until the direction angle of each segment is determined.
Based on this angle, the crack or crack segments are grouped into three categories. These categories are based on the following criteria:
• Longitudinal cracks have an angle deviating less than ±20 degrees from the y-axis.
• Transverse cracks deviate less than ±20 degrees from the x-axis.
• The remaining cracks are referred to as "other."
In this procedure, alligator cracking is not registered as such, but is divided into more or less straight crack segments that are then classified longitudinal, transverse, or other. At the end of testing, after 4-million wheel loads of 75 kN, the total crack length was as follows: longitudinal cracks, 10 percent; transverse cracks, 63 percent; other cracks, 26 percent.
Crack Length
After determination of the (x,y)-coordinates of each crack, the crack length was calculated with an image analysis program using a standard algorithm (6) . Another program combines the crack segments that belong together. According to Jacobs (7 ), the crack-growth process in an elastoplastic material can be characterized by a macrocrack, together with a microcrack zone in front of the macrocrack. In this zone, a certain stress level is exceeded, so the material will flow (e.g., metals) or develop invisibly small microcracks. These microcracks will gradually grow together into a macrocrack. In asphalt both micro-and macrocracks occur. In the crack-growth process often more than one macrocrack occurs, even in small specimens. Jacobs (7) found that a number of small macrocracks develop during the fatigue process and finally join in one large macrocrack, after which the specimen fails. Jacobs concluded that the absence of a direct relation between the macrocrack length and the force applied to the specimen (in a displacementcontrolled test) can be ascribed to the microcrack zone in front of the macrocrack tip. He also showed that the microcrack zone develops immediately from the start of the loading and that the macrocrack does not grow continuously. This is because an asphalt mix consists of three components with different stiffness moduli: the aggregates, the mastic, and air voids. Due to these stiffness differences, a crack can start to grow at a certain location until it reaches a component that acts as a crack inhibitor (usually an aggregate particle). Subsequently, a new crack will develop at another location in the mix where the conditions are more favorable for crack growth. This fracture-mechanics approach is valid for all types of cracking, regardless of growth direction (longitudinal, transverse, alligator, upward, or downward), location of origin (surface or bottom of the asphalt layer), driving cause (temperature differences, wheel loads), or speed of growth (slow-developing fatigue cracks or rapid overload failure).
Continued loading of the test lane will cause continued growth of the micro-and macrocracks, of which only the latter are recorded. The development of the crack length at the surface or the percentage cracked area with time will generally have a sigmoidal shape (8) . (This is an empirical observation that can be explained using probability theory. The sigmoidal shape (S-curve) is not derived from the fracture mechanics described above.) This S-curve is also clearly visible in Figure 9 , which shows the crack development in LINTRACK Lane I.
Crack-Growth Rate
The crack-growth process is not dependent only on the pavement type (flexible, semirigid, or rigid), the layer thicknesses, and the material characteristics (stiffness modulus, Poisson's ratio, density, heat capacity, coefficient of thermal conductivity, thermal expansion coefficient, resistance to crack initiation and propagation). Traffic and climate play an important part in the shape and growth rate of the crack pattern too (9) . Figure 10 reflects the combined influence of all these factors. To determine the individual influences of these factors on the fluctuation of the growth rate requires additional analysis.
Percentage Cracked Area
To calculate the percentage of the area that is cracked, a computer program was written that assigns the (x,y)-coordinates of all cracks to the sections of a user-defined grid. The size of these grid compartments can be, for example, 100 mm by 150 mm. The output contains information about the number of cracked and uncracked sections and the number of (x,y)-coordinates per section. For the LINTRACK test lane a grid-compartment size of 100 mm by 100 mm was chosen because this roughly corresponds to the final mesh size of the alligator cracking. Therefore, no two cracks will appear in the same grid section. Also, no empty sections are likely to exist between close-spaced cracks, enabling a final 100 percent cracking coverage. However, the 100 percent coverage will only occur in a very advanced stage of deterioration because it requires cracks to propagate from the trafficked area into the untrafficked area. Figure 12 represents the situation at the end of the test, and shows the percentage of cracked area per 100-mm-wide strip versus the lateral position. The area percentages, using a grid-compartment size of 100 mm by 100 m, are relative to the surveyed, trafficked area between y = 2000 mm and y = 12 800 mm. The figure shows that in the densest areas of cracking, a maximum of 62 percent of the area was cracked at the end of the test. The crack pattern does not follow the Gaussian distribution of the lateral wander, but is skewed to the right (positive x-axis). This is probably caused by the fact that the center line of the paver, and hence the pavement, was at 0.16 m to the right of the center line (x = 0) of trafficking. Nuclear measurements on the test lanes showed that the density varied considerably over the width of the lanes, with a pronounced dip at the middle (see Figure 13 ). It was hypothesized that this is caused by the diverging action of the spreader worms of the paver. The resulting lower density may well relate to lower cracking resistance. This density variation could well occur in actual road pavements too.
SUMMARY AND CONCLUSIONS
The data presented here are mainly a description of the procedures used to record and evaluate cracking in the LINTRACK tests. No generally applicable cracking models have yet been developed, either giving an empirical description of the crack development or using a fracture mechanics approach. This is planned for the near future, however. Fracture mechanics properties of the LINTRACK pavement materials were already determined and reported separately (10) .
A significant amount of cracking did not occur on the LIN-TRACK test pavement until after 2 Mcycles of a 75-kN supersingle wheel load. Nearly all these cracks were only present in the topmost 0.05 m of the pavement. Although fine-meshed alligator cracking had developed after 4 Mcycles, it consisted of hairline cracks only. These could only be detected under favorable conditions, such as a drying pavement surface or a very close visual inspection. Regular visual-condition survey techniques would probably not have detected much cracking. The test pavement did not reach the maintenance criterion for Dutch state highways, and therefore did not fail because of visible cracking.
In the current Dutch pavement design system (1), cracking is expected to originate at the bottom of the asphalt layer. The underlying mechanistic model, derived from the Shell Pavement Design Manual (11) , predicts the highest tensile strains at that position (except in cases of unusual modulus ratios between the pavement layers). Now both in Dutch highway practice (2) and in the LIN-TRACK tests, surface-originated cracking is found. Cracks that are visible at the pavement surface are often not directly related to structural distress at the bottom of the pavement. This mechanism is not yet fully understood, but it is almost certainly due to a combination of different effects, such as temperature stresses at the surface of the pavement; nonuniform tire-pavement contact stress distributions, with horizontal shear stresses; and deterioration of the surface layer due to aging. It is clear that the present design model does not predict this, and that improvement is desirable. Additional research into surface cracking is therefore recommended. The crack-registration procedure described here is too tedious for routine pavement management practice (especially the manual registration on the plastic sheet and the subsequent semianual digitization), but it is very useful for detailed research, such as long-term pavement performance or accelerated-loading tests. Digitization of crack data enables the use of advanced automated analysis techniques. Knowledge of image processing and image analysis is indispensable for this, however. Variation of the asphalt density across the width of a lane may have a strong influence on the amount of cracking.
